A novel fiber optic vibration sensor is presented, based on the motion detection of an elastic cantilever by means of the optical triangulation technique. The sensor was designed to work at a fixed frequency of 100 Hz for applications in high power electrical plants where insulation and EM immunity requirements make fiber optic sensing the most suitable choice. The working linear range reaches a peak amplitude of 0.25 mm; resolution is 0.1 um; accuracy is better than 43%; and sensitivity is 10 mV/gm. Design details and experimental results are reported.
Introduction
Vibration monitoring in high power electric machines, such as generators and transformers, presents some difficulties due to the insulation and EM immunity requirements. Such problems can be solved using optical fiber sensors, which allow in situ measurements and remote control without electrical wires. 1 -3 The above features, along with compactness and reliability, counterbalance the more complex technologies and higher costs of traditional piezoelectric sensors. Some different types of fiber optic sensor have been proposed based on laser Doppler velocimetry, 4 microbendings, 5 gratings, 6 and photoelastic effects. 7 The present paper describes a novel fiber optic vibration sensor which utilizes relatively simple technologies and offers moderate costs. The sensor is based on an elastic cantilever whose motion is detected by the optical triangulation technique. 8 The sensor, designed for a specific application in a high power electric generator, makes it possible to obtain a down-lead insensitive response up to a peak amplitude of 0.25 mm with 0.1-gim resolution.
Section II describes the working principle of the sensor; Sec. III describes the optical, mechanical, and electronic design criteria; Sec. IV reports the experimental results (calibration, transverse sensitivity, and temperature drift); and Sec. V illustrates the conclusions, including a comparison between the expected goals and the results obtained. Figure 1 shows a sketch of the optical fiber vibration sensor joined to the body under test, which oscillates sinusoidally along the axis shown in the figure. Consequently, the free end of the cantilever oscillates with respect to the sensor body and the oscillation amplitude can be expressed as
II. Working Principle
where Z is the amplitude of the forcing sinusoidal vibration and G(f) is a gain factor which depends on the f frequency, on the material elastic properties of the cantilever, and on its geometric shape. The x displacement is detected by the optical triangulation technique. The light emitted by a LED is guided by the F multimode optical fiber to the G 1 graded-index (GRIN) microlens, which provides the illuminating beam. The light scattered by the cantilever is collected by the G 2 microlens and is guided by the F 2 fiber to the PIN detector.
The behavior of the detected current, as a function of x, presents a nearly linear range whose width depends on the optical properties and geometric arrangement of the lens system. In the linear range, this current is given by where A and B are the parameters of the linear expansion and h is a gain coefficient which takes into account the input optical power, the detector sensitivity, and the down-lead conditions (connectors, fiber bendings, cantilever diffusivity). a 80-a . . ,.....;.... The x distance, as a function of time t, can be expressed as
where Xo is the distance of the cantilever at rest.
By combining Eqs. (2) and (3), the i current can be expressed by
where Io = h(AXo + B) and I, = hAX 1 = hAG(f)Z.
From Eq. (4) it follows that
Equation (5) shows that the vibration amplitude is proportional to the ratio between the amplitude of the sinusoidal component of the current and its average. Hence, the response is independent of the h factor and therefore down-lead insensitive.
Ill. Sensor Design

A. Main Requirements
The optical sensor had to be inserted in a high power electrical generator; thus, severe insulation require- The necessity for measuring displacements of the vibrating cantilever in the 1-mm range at a distance of a few millimeters suggested the use of fibers with GRIN lenses at their ends.
Many geometric configurations were considered to obtain as wide as possible a linear response range. The best result was obtained using the arrangement shown The normalized optical power as a function of the x distance is shown in Fig. 2 , along with the dashed straight line representing the linear best fit of the curve in the 7.4-9.0-mm range. The curve was obtained by means of a computer-based system which measures the output power from F 2 fiber while it moves the target (90% diffusive Kodak paper) by means of a micropositioning stage (2-,gm step).
As shown in Fig. 3 , the relative linearity error of the curve is less than ±2% in the whole fitting range but is less than ht% in the reduced 7.5-8.9-mm range. Such a linearity deviation agrees with the required sensor precision.
At the working distance Xo 8.2 mm, the light power collected by the F 2 fiber is 50 nW, which represents 0.008% of the illuminating light power injected into F fiber.
C. Mechanical Design
The optical head makes it possible to measure displacements up to 1.4 mm, with 1% linearity. To measure a vibration amplitude of up to 0.25 mm (0.5 mm peak-to-peak), the G gain, in accordance with Eq. (1), must not exceed 2.8. Due to the small length of the cantilever (22 mm) and due to the impossibility of finding materials with a low and stable Young's module, it was not advisable to work close to the cantilever resonance frequency, where the G gain would be too high.
In particular, a 0.1 mm-thick mica cantilever was used, exhibiting an 80 Hz resonance frequency and showing G = 2.8 at 100 Hz. The exact resonance frequency was reached by loading the free end of the cantilever with a small weight together with a 90% diffusive Kodak paper target.
The dimensions of the probe, realized with polyacetal resin, are 25-mm height (x direction), 31-mm length, and 10-mm thickness, and the weight is 12 g. D. Electronic Design Figure 4 shows a block diagram of the optoelectronic circuit. A Radiall LED (X = 860 nm) injects -600-gW power into F 1 fiber. The backscattered light is guided by the F 2 fiber to the PIN photodiode. The detected signal is first preamplified and then split into two branches and processed by two different circuits. The first circuit amplifies the ac component which is filtered by a narrowband active filter (1 Hz) and finally rectified, thus giving the V voltage. The filter provides good noise suppression, 9 which increases the SNR. The second circuit amplifies the dc component and gives the V 0 voltage; V 0 and V 1 voltages are proportional to Io and I, respectively. Finally the analog divider gives the ratio V 1 /V0, which, according to Eq. (5), allows evaluation of the Z vibration amplitude.
IV. Experimental Results
The calibration of the sensor has been performed at 100 Hz by using a Briel & Kjwr (type 4810) shaker table equipped with a reference piezoelectric accelerometer, having 2% accuracy (type 4371 sensor with type 2635 charge amplifier).
By varying the sinusoidal amplitude of the shaker in the 0-250-gm range, a set of N measurements for the reference amplitude Rk and the corresponding sensor output voltage Vk was obtained.
By denoting with So the sensitivity of the optical sensor, the mean relative quadratic error can be written as
A good criterion for obtaining So consists in t minimization of o with respect to So itself: Figure 5 shows the measured sensor amplitudes Vk/ So (lower graph) and the relative errors ak = (Vk/SORk)/Rk (upper graph) plotted vs the Rk reference amplitudes. The proportionality of the maximum error to the amplitude range proves the worth of the choice of the cantilever working point (X 0 ).
By using a nonlinear fit for the response curve, the error could be reduced to the spread which appears in To obtain the required sensitivity S = 10 mV/gm, the electronic gain has been changed by the S/So factor.
The transverse sensitivities Sa and So have been measured with respect to the a axis, which is parallel to the cantilever axis and fi axis, which is normal to the plane in Fig. 1 . For this purpose the sensor, fixed to the shaker with the vibration axis parallel to the a axis, has been excited at a frequency of 100 Hz, with 500-gm vibration amplitude. The sensor output result was 20 Am, thus showing Sa -4% transverse sensitivity; So < 0.5% was measured in the same way.
Temperature changes influence the sensor response mainly due to the thermal expansion of the sensor body material. It may be supposed that the changes in Young's module cantilever, due to temperature changes, do not significantly affect sensor response. Sensitivity measurements performed at an amplitude of 200 gm and frequency of 100 Hz, in the 25-70'C temperature range, showed the Kt -0.2%/ C average temperature coefficient. Figure 6 shows the proposed optical fiber vibration sensor placed on the shaker table along with the optoelectronic unit; 30 m of cabled fibers are used for safe working in electric plants. Table I summarizes the main characteristics of the sensor compared with the expected goals.
V. Conclusions
The described design criteria allow for modification of the sensor to satisfy other requirements. First, the working frequency can be changed to 120 Hz for the 60-Hz line frequency. Moreover, working at the cantilever resonance frequency, a high sensitivity sensor can be achieved naturally with a reduced amplitude range. In addition, the probe can be used as an accelerometer in a sufficiently low working frequency range compared with the resonance frequency. In fact, it can be proved that, at low frequencies, the G(f) cantilever gain approaches zero as f 2 .
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